Background {#S0001}
==========

Recent developments in nanotechnology have introduced novel diagnostic and therapeutic (ie, theranostic) applications of nanoparticles in translational and clinical oncology after intravenous injection.[@CIT0001] Superparamagnetic iron oxide nanoparticles (SPIONs), specifically, have been identified as potential candidates for the development of innovative anti-tumor therapies due to their beneficial physico-chemical properties, biodistribution, biocompatibility and easy fabrication and functionalization.[@CIT0002],[@CIT0003] Apart from intravenous injection, SPIONs can also be injected intratumorally to locally increase the temperature inside tumors after hyperthermia treatment.[@CIT0004]--[@CIT0007] Upon exposure to an external alternating magnetic field (AMF) and due to the Brownian and Néel relaxation and hysteresis loss, which is accompanied with the generation of thermal energy, a rise of the local tissue temperature up to 41--43 °C can be achieved.[@CIT0008] Several studies reported the therapeutic potency of hyperthermia in preclinical models.[@CIT0009]--[@CIT0013] Apart from magnetic hyperthermia, other applications of functionalized SPIONs in translational oncology have been reported,[@CIT0014] including the delivery of chemotherapeutic drugs, siRNA and small molecules.[@CIT0003],[@CIT0014]--[@CIT0019] In a recent study of our group SPIONs were decorated with the pro-apoptotic serine protease granzyme B (GrB-SPIONs). Administration of GrB-SPIONs resulted in significant delay of tumor progression and an increased overall survival in tumor-bearing animals.[@CIT0003] Furthermore, the addition of photosensitizing agents to the composition of iron oxide nanoparticles enabled multimodal applications for both magnetic resonance imaging (MRI) and photothermal therapy.[@CIT0020] In past decades, intravenous and intratumoral administrations of SPIONs have been extensively studied.[@CIT0021]--[@CIT0024] Compared to an intravenous injection mode, a local delivery of nanoparticles can significantly increase the concentrations of nanoparticles inside the tumor, while decreasing unfavorable off-target effects in healthy tissues.

The growing interest in nanoparticles as a vehicle for a targeted delivery of pharmaceutical agents have led to a vast increase in the development of novel physiologically based pharmacokinetic (PBPK) models.[@CIT0025],[@CIT0026] These have been proven as valuable tools to simulate transportation kinetics of nanoparticles inside the body and to fill knowledge gaps for tissues that do not allow reliable measurements.[@CIT0027] Several reviews have been published during the last decade summarizing the vast amount of novel PBPK models.[@CIT0026],[@CIT0028]--[@CIT0032] Partially responsible for the constant need of new and adjusted models is the large variability in pharmacokinetic behavior of nanoparticles differing in structural properties such as size, shape, material or coating compositions.[@CIT0032] For choosing an appropriate model it is crucial to take into account not only biokinetic properties of the nanoparticles and the biological environment, but also the amount of available data. Many existing models split the circulating blood into two compartments, namely venous and arterial flux.[@CIT0033]--[@CIT0036] As measurements in most cases lack differentiation between these two compartments, the ratio between their respective concentrations can only be estimated. In practice, this is done either by fixing the ratio to a certain value, based on previous knowledge[@CIT0033],[@CIT0036] or basically an additional degree of freedom for fitting the model parameters.[@CIT0034],[@CIT0035] The latter should be avoided, when there are no reliable measurements available that validate the resulting ratio, as it rises the risk of overfitting. Therefore, in our model blood was treated as one compartment. An important factor present in the majority of PBPK models for nanoparticles[@CIT0033]--[@CIT0037] is the partition coefficient of blood and tissue which describes the ratio between concentration in a compartment and its outflow into the bloodstream.[@CIT0038] However, due to the unique targeting properties of SPIONs in our experiment, we made the assumption that they do not accumulate within the tissue of organs, but enter the iron metabolism. This also reduces the degrees of freedom in the parameter estimation by omitting unnecessary features, bringing the model in line with the extent of available data.

In the present study, we have established a new pharmacokinetic model that mimics biological features of SPIONs after intratumoral or intravenous injection and prevents overfitting by focusing on predominant pathways specific to these nanoparticles. The model helps to understand the biodistribution of SPIONs over time and allows first predictions about their destiny inside the body after the two different injection routes.

Methods {#S0002}
=======

Experiments {#S0002-S2001}
-----------

### Superparamagnetic Iron Oxide Nanoparticles {#S0002-S2001-S3001}

The iron oxide dextran composite nanoparticles (Perimag^®^-COOH) with a hydrodynamic diameter of 130 nm and 60 nm were obtained from Micromod Partikeltechnologie GmbH. The zeta potential of nanoparticles characterized by electrophoretic measurements constituted --13.4 mV. The colloidal stability of these nanoparticles was analyzed for Perimag^®^-COOH formulations in H~2~O distilled water, PBS buffer, and 5% human serum albumin (HSA) solution. Dynamic light scattering (DLS) measurements did not reveal any significant changes of the size distributions over a period of 3 months. Before intratumoral or intravenous injection, particles were resuspended in PBS buffer (pH = 7.4).

### Cells {#S0002-S2001-S3002}

Mouse GL261 glioblastoma cells were provided by Tumorbank Deutsches Krebsforschungszentrum (Heidelberg, Germany). Cells were cultured in RMPI-1640 medium supplemented with 10% fetal calf serum (FCS), 1 mM sodium pyruvate, 2 mM L-glutamine, and antibiotics (100 µg/mL streptomycin, 10 IU/mL penicillin) at 37 °C in 5% CO~2~-incubator. For experiments, single-cell suspension was obtained employing Trypsin/0.53 mM EDTA.

### Animals {#S0002-S2001-S3003}

Female, 8--10 weeks old C57Bl/6 mice were purchased from Charles River (Sulzfeld, Germany). All mice were kept and bred under specific pathogen-free conditions in accordance with the guidelines of the Federation of European Laboratory Science Association (FELASA). All animal experiments were performed in compliance with European Union law and approved by the ethical committee of First Pavlov State Medical University of St. Petersburg (St. Petersburg, Russia).

### Glioblastoma Mouse Model {#S0002-S2001-S3004}

C57Bl/6 mice were anesthetized via i.p. injection of fentanyl 0.05 mg/kg, midazolam (5 mg/kg) and medetomidine (0.5 mg/kg). GL261 cells (5 × 10^6^ cells suspended in 100 µL of phosphate-buffer solution) were injected into the right flank. After reaching a size of 50 mm^3^, nanoparticles were injected either intravenously or intratumorally into the mice. Intravenous injection of nanoparticles was performed through the tail vein employing 0.3 mL insulin syringes (30 G) at a speed of 25 μL/min (total volume of injected solution constituted 200 μL). Intratumoral injections were performed using 0.3 mL insulin syringes (30 G) at a speed of 4 μL/min.

### Radiolabeling of SPIONs with Zirconium-89 \[^89^Zr\] {#S0002-S2001-S3005}

Radiolabeling of the nanoparticles with ^89^Zr was performed as described previously.[@CIT0039] Briefly, 35.6 MBq of Zirconium-89-oxalate (^89^Zr^4+^ in 1 M oxalic acid, PerkinElmer) was added to an Eppendorf tube with subsequent addition of Chelex-treated water (200 µL). The pH was raised to 8 employing 1 M Na~2~CO~3~ (aq.). Following addition of Chelex-36, treated water SPIONs Perimag^®^-COOH (400 µL, 50 mg Fe/mL) were added for the co-incubation period of 60 minutes at 100 °C. After cooling of the reaction to 22 °C, DTPA (50 µL, 10 mM (pH 7.5)) were added and left to stir at room temperature (for 30 minutes). The nanosuspension was purified employing size exclusion chromatography (SEC) (PD10 Sephadex, G25) and eluted with fractions of sterile PBS (recovery = 81%). Radiolabeled ^89^Zr-Perimag^®^-COOH nanoparticles were diluted at a concentration of 20 mg Fe/mL employing sterile PBS with subsequent characterization using a nanosizer DLS (size constituted 134 ± 4.8 nm; Z-potential constituted −4.11 mV). Decay of ^89^Zr was calculated employing [[www.radprocalculator.com/Decay.aspx](http://www.radprocalculator.com/Decay.aspx)]{.ul} with Gaussian filtering of 0.8.

### PET/CT Imaging of Intratumorally Administered SPIONs {#S0002-S2001-S3006}

^89^Zr-Perimag^®^-COOH solution (1.76 mg Fe/kg, 100 µL) was intravenously injected into the tail vein of the mice. PBS solution (100 µL) was used as control. In case of an intratumoral administration, nanoparticles were injected in an injection volume of 0.34 µL/mm^3^ glioblastoma nodule. At designated time points animals were anesthetized with isoflurane (2% in O~2~) and placed on a preheated bed (set at 38 °C) of the scanner. Whole body static PET scans were acquired employing nanoScan PET/CT (Mediso, Budapest, Hungary) with subsequent CT image acquisition. PET images were acquired employing 1--5 coincidence mode and recorded for 20 minutes. CT images were acquired at 300 ms exposure time in 720 projections with an acquisition time of 7 minutes employing a 50 kVp X-ray source. Subsequently, PET images were reconstructed by Tera-TomoTM 3D PET reconstruction software (Mediso version 2.01). Nucline software (Mediso version 2.01) was used to reconstruct CT images with a voxel size of 68 × 68 × 68 mm^3^. VivoQuant software (InviCRO version 1.23patch3) was used for three-dimensional (3D) visualization and image analysis.

### Biodistribution Analysis of the SPIONs {#S0002-S2001-S3007}

Animals under anesthesia employing Monastat Carter Multi-Channel Precision Pump (Barant Company, Montreal) were transcardially perfused with 0.1 M phosphate buffer (PB) to eliminate the blood from the tissues and organs. Briefly, following thoracotomy and exposure of the beating heart, perfusion tube was inserted into the left ventricle (another incision was performed in the right atrium) for perfusion of 200 mL of PB for 20 minutes. The obtained organ samples were employed for subsequent biodistribution analysis. Each tissue sample was weighed and counted employing a gamma counter (LKB compugamma for ^99m^Tc studies, Wizard 2480 PerkinElmer for ^89^Zr studies), together with standards prepared from a sample of radiolabeled SPIONs. For each tissue type the percent of injected dose per gram (%ID/g) of tissue was calculated (after 24, 48 and 27 hours for intratumorally injected ^89^Zr-Perimag^®^-COOH SPIONs; after 80 minutes and 24 hours for i.v. injected ^89^Zr-Perimag^®^-COOH SPIONs; after 24 hours for i.v. injected ^99m^Tc-ferucarbotran). To exclude the predominant accumulation of nanoparticles in macrophages at the tumor site the glioma sections were additionally stained for CD11b+ tumor-associated macrophages (TAMs) (Abcam, USA).

Pharmacokinetic Model {#S0002-S2002}
---------------------

To describe the biodistribution of nanoparticles within mice after injection, a pharmacokinetic model was established. In this model the body is divided into distinct compartments (here: blood, organs and tumor), each describing a possible location of the investigated substance (here: SPIONs).

### Model Structure {#S0002-S2002-S3001}

The transition between compartments is in this case described by linear, first-order ordinary differential equations with constant coefficients. [Figure 1](#F0001){ref-type="fig"} shows the model structure and relation between different compartments. [Equations (1](#M0001)--[14](#M0014)) describe the change of the amount of SPIONs in each respective compartment as a function of time. The set of compartments is composed of blood and body parts, the latter including organs and the tumor. Blood is assumed to be the predominant way for transport of the nanoparticles between body parts. Therefore, the model differs from previous pharmacological models for both humans[@CIT0040],[@CIT0041] and mice.[@CIT0042]--[@CIT0044] This systemic circulation ([Figure 1B](#F0001){ref-type="fig"}) is coupled with transport via the alimentary tract ([Figure 1C](#F0001){ref-type="fig"}).[@CIT0045],[@CIT0046] Iron contained in in vivo administered SPIONs is predominantly included into the normal iron metabolism and therefore remains inside the body for a long-term period compared to other formulations of nanoparticles. Hence, excretion via urine was left out of the model. Each transition rate is described by one constant kinetic parameter $\documentclass[12pt]{minimal}
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$$\eqalign{& {{\dot S}_{stomach}}\left( t \right) = - {k_{10,1}} \cdot {S_{stomach}}\left( t \right) + {k_{1,10}} \cdot {S_{blood}}\left( t \right) \cr & \,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\, - {k_{10,8}} \cdot {S_{stomach}}\left( t \right) \cr} $$
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$${\dot S_{brain}}\left(t \right) = - {k_{11,1}} \cdot {S_{brain}}\left(t \right) + {k_{1,11}} \cdot {S_{blood}}\left(t \right)$$
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$${\dot S_{muscle}}\left(t \right) = - {k_{12,1}} \cdot {S_{muscle}}\left(t \right) + {k_{1,12}} \cdot {S_{blood}}\left(t \right)$$
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$${\dot S_{bone}}\left(t \right) = - {k_{13,1}} \cdot {S_{bone}}\left(t \right) + {k_{1,13}} \cdot {S_{blood}}\left(t \right)$$
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$${\dot S_{skin}}\left(t \right) = - {k_{14,1}} \cdot {S_{skin}}\left(t \right) + {k_{1,14}} \cdot {S_{blood}}\left(t \right)$$
\end{document}$$Figure 1A mouse pharmacokinetic model for the kinetics of the biodistribution of SPIONs. (**A**) Overall model structure: Each bubble denotes one compartment and each arrow one pathway. The transition rate of each pathway $\documentclass[12pt]{minimal}
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$$a \to b$$
\end{document}$ is described by one kinetic constant $\documentclass[12pt]{minimal}
\usepackage{wasysym}
\usepackage[substack]{amsmath}
\usepackage{amsfonts}
\usepackage{amssymb}
\usepackage{amsbsy}
\usepackage[mathscr]{eucal}
\usepackage{mathrsfs}
\DeclareFontFamily{T1}{linotext}{}
\DeclareFontShape{T1}{linotext}{m}{n} {linotext }{}
\DeclareSymbolFont{linotext}{T1}{linotext}{m}{n}
\DeclareSymbolFontAlphabet{\mathLINOTEXT}{linotext}
\begin{document}
$${{\rm{k}}_{{\rm{a}},{\rm{b}}}}$$
\end{document}$. The intestine compartment represents the contents of the small intestine. (**B**) Systemic circulation: As blood is assumed to be the main transport mechanism between body parts, most pathways describe either the uptake rate constant from blood into a systemic part ($\documentclass[12pt]{minimal}
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$${k_{1,X}}$$
\end{document}$) or the emission rate constant from a systemic part into the blood ($\documentclass[12pt]{minimal}
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$${k_{X,1}}$$
\end{document}$). (**C**) Alimentary tract: Further transition parameters describe the pathways between organs that are part of the alimentary tract.

### Parameter Estimation {#S0002-S2002-S3002}

Parameter estimation and simulations were performed in MATLAB. Ex vivo data with 3 different time points were used to estimate a set of optimal kinetic parameters, denoted by $\documentclass[12pt]{minimal}
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$$K$$
\end{document}$. First, the measurements were converted from concentrations to data that are comparable in a pharmacokinetic model. For that, the experimental data points were multiplied by the mean weight of the respective organs, which are described in literature.[@CIT0042],[@CIT0047]--[@CIT0052] The parameters were estimated in two steps, both employing a least squares objective function with added constraints and weights. First, the two parameters for each body part were approximated successively, starting with $\documentclass[12pt]{minimal}
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\end{document}$, etc. This was done by minimizing an individual objective function for each parameter pair with highly increased weights for said parameters. This was followed in the second step by a global multistart fit around the best values found during the first step and $\documentclass[12pt]{minimal}
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$$N = 1000$$
\end{document}$. The objective function in this step had an added constraint that increases the function even further, if the observables are outside the confidence intervals of the experimental data points.

Results {#S0003}
=======

In vivo Analysis of the Radiolabeled \[^89^Zr\]-SPION Biodistribution {#S0003-S2001}
---------------------------------------------------------------------

In order to quantify the retention of intratumorally administered SPIONs within GL261 glioblastoma, systemic biodistribution studies were performed, utilizing ^89^Zr-labeled SPIONs. Nanoparticles were injected intratumorally in a volume of 0.34 µL/mm^3^. Treated mice were subsequently imaged using PET-CT at 1, 24, 48 and 72 h following injection (n = 4). The image analysis of a single animal at all time points clearly demonstrated the localization of the signal within the tumor site or around the injection canal at all time points. Subsequent Prussian blue staining was performed to confirm the presence of iron oxide nanoparticles inside tumor cells (cf. [[Supplementary Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=254745.pdf)]{.ul}).

Following injection of the SPIONs ex vivo organ counting was performed at 24, 48 and 72 h (n = 3 per group). The analysis proved that the majority of the injected nanoparticles were present either within the skin and adjunctive tissue of the tumor or within the glioblastoma. Additionally, uptake was observed in the liver, which is indicative for transport of the nanoparticles via blood circulation to this organ. Subsequent estimation of the ID across all time points demonstrated that nearly 50% of the ID accumulated with the glioblastoma (21--87%, n = 9). At the end of the follow-up period at 72 h 46% of the ID was retained in the tumor site (36--57%, n = 3). The precise comparison of the tumor to tissue ratio indicated an over 50-fold increase in nanoparticle retention in the tumor tissue compared to other tissues.

Pharmacokinetic Model {#S0003-S2002}
---------------------

The mathematical model was established as a dynamical system (ie, changing over time) of distinct compartments, each containing a certain amount of ^89^Zr-Perimag^®^-COOH SPIONs at each point in time (cf. [Figure 1](#F0001){ref-type="fig"}). This amount was measured using a gamma counter and normalized. The initial amount of injected SPIONs $\documentclass[12pt]{minimal}
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$${S_{tumor}}\left({0h} \right)$$
\end{document}$ was indicated as 100% per g and the measured values accordingly as percentages per g. To have comparable numbers in regard to a pharmacokinetic model these values were each multiplied by the respective mean organ weight derived from literature.[@CIT0042],[@CIT0047]-[@CIT0052]

Intratumorally Injected SPIONs {#S0003-S2003}
------------------------------

The developed pharmacokinetic model was used to estimate optimal kinetic parameters that best describe the measured data. The set of estimated parameters, denoted by $\documentclass[12pt]{minimal}
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\end{document}$, can be found in [Table 1](#T0001){ref-type="table"}.Table 1Computed Kinetic Parameters ($\documentclass[12pt]{minimal}
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The kinetic parameters contained in $\documentclass[12pt]{minimal}
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\end{document}$. As shown in [Figure 2](#F0002){ref-type="fig"}, the simulations fit the measurements very well, except for body parts with very low values and too much background noise. Due to the intratumoral injection, all SPIONs are located inside the tumor at $\documentclass[12pt]{minimal}
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$$t = 0$$
\end{document}$. According to both experimental data and simulations, a rapid release of SPIONs from the tumor occurs within the first 30 min after intratumoral injection. After 30 min the release of nanoparticles from the tumor steadily decreases. Nanoparticles released from the tumor also accumulate rapidly in other organs within the first 30 min. Then the uptake slows down during the following 100 h until an equilibrium is reached, with a certain amount of SPIONs retained in every compartment (cf. [[Supplementary Figure S2](http://www.dovepress.com/get_supplementary_file.php?f=254745.pdf)]{.ul}). In contrast, liver and spleen show a steady, low uptake of the nanoparticles over the whole period of time according to the model. Liver and spleen are therefore the major destiny of SPIONs. These results are confirmed by recent findings of other groups.[@CIT0053]--[@CIT0055]Figure 2Plots depicting comparative analysis of ex vivo biodistribution data from intratumorally injected ^89^Zr-Perimag^®^-COOH and simulation results calculated by our mathematical model. Each plot shows the results for one compartment. The black dots represent the mean values of the measured biodistribution data at a single time point and the red bars their standard deviation. The green curves depict the outcome of the simulations using the mathematical model and the set of estimated kinetic parameters $\documentclass[12pt]{minimal}
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$$K$$
\end{document}$. All x-axes run from 0 to 100 h. The y-axes represent percentages of the released dose per gram of the initially injected amount of SPIONs. "Intestine" represents the contents of the small intestine. The respective plots for heart, colon, stomach and brain were below 0.005% at each time point (data not shown).

Intravenously Injected SPIONs {#S0003-S2004}
-----------------------------

To further validate the model two data sets from mice with intravenously injected SPIONs were analyzed.[@CIT0039] The experimental data of both experiments could be described very well with the pharmacokinetic model (cf. [Figure 3](#F0003){ref-type="fig"}). The first set of data resulted from biodistribution studies with ^99m^Tc-ferucarbotran injected into the tail vein of GL261 tumor bearing C57BL/6 mice. Although no data were available for the amount of SPIONs inside the skin, the previous uptake parameters from $\documentclass[12pt]{minimal}
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\end{document}$ for the skin could be used to make predictions. The parameters for the organs with available measurements were estimated anew by a parameter fit using the measurements (cf. [[Supplementary Table S1](http://www.dovepress.com/get_supplementary_file.php?f=254745.pdf)]{.ul}).Figure 3Plots depicting comparative analysis of ex vivo biodistribution data from i.v. injected ^99m^Tc-ferucarbotran and simulation results. The black dots represent the mean values of the measured biodistribution data at $\documentclass[12pt]{minimal}
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$$t = $$
\end{document}$ 24 h and the red lines their respective error bars. The green curves depict the outcome of the simulations using the mathematical model. All x-axes run from 0 to 30 h.

A similar analysis was performed on data from studies using ^89^Zr-Perimag^®^-COOH nanoparticles (130 nm) that were injected into the tail vein of tumor-free C57BL/6 mice. Biodistribution data were acquired 80 min and 24 h after injection. As there was no data available for heart and skin, the already found parameters were again adopted from $\documentclass[12pt]{minimal}
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\end{document}$ to make predictions for the uptake inside these body parts (cf. [[Supplementary Table S2](http://www.dovepress.com/get_supplementary_file.php?f=254745.pdf)]{.ul}). The data for the other organs could be described very well with our pharmacokinetic model (cf. [Figure 4](#F0004){ref-type="fig"}).Figure 4Plots depicting comparative analysis of ex vivo biodistribution data from i.v. injected ^89^Zr-Perimag^®^-COOH and simulation results. The black dots represent the mean values of the measured biodistribution data at $\documentclass[12pt]{minimal}
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\end{document}$ 24 h and the red lines their respective standard deviation. The green curves depict the outcome of the simulations using the mathematical model. All x-axes run from 0 to 30 h.

Comparing the plots in [Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"} shows that the progression of the curves is very similar for most organs with the exception of spleen and bone. The data points for the spleen in [Figure 4](#F0004){ref-type="fig"} are very similar, which suggests a rapid increase within 80 min, when the amount inside the spleen has already reached its equilibrium. In [Figure 3](#F0003){ref-type="fig"}, however, the model predicts a slower increase of nanoparticles inside the spleen. The difference in the bone curves is due to the fact that the uptake of ^89^Zr-Perimag^®^-COOH nanoparticles persists from 80 min to 24 h, whereas that of ^99m^Tc-ferucarbotran nanoparticles further increases after 24 h.

There are also notable differences between the curve progressions of the plots from intratumoral injection data and intravenous injection data. These can be explained by the huge and rapid decrease in blood after i.v. injection compared to the relatively slow decrease inside the tumor tissue after intratumoral injection. While for the latter the increase in most other organs is also very fast in the beginning, the increase stops, when a more stable state is reached. Thereafter, a slow transport of SPIONs into liver and spleen from all other organs occurs. After i.v. injection, however, the SPIONs are rapidly emitted into all organs, causing a short peak inside most of them, before most nanoparticles are immediately transported into organs with higher retention capacity. Also notable is that after i.v. injection the liver directly absorbs a large amount of SPIONs, whereas the increase is much slower, yet more steady and lasting after intratumoral injection.

Discussion {#S0004}
==========

Applications of nanotechnology have enabled the development of anti-cancer diagnostic and therapeutic agents that provided promising results for translational and clinical oncology.[@CIT0056]--[@CIT0058] One possible route for the administration of nanoparticles is the intratumoral injection, which can provide (i) a high local concentration of the agent, (ii) reduction of the particle clearance (ie, renal or hepatic clearance) that increases the bioavailability of nanoparticles, (iii) decrease in the off-target side effects, and (iv) avoidance of the natural histo-hematic barriers (eg, brain-blood barrier). In the current study, we analyzed the biodistribution of intratumorally injected SPIONs into brain tumors for which we developed a new mathematical model for prediction of particle clearance from the injection site. We observed a predominant retention (46% of the ID) of the radiolabeled ^89^Zr-Perimag^®^-COOH in the GL261 glioblastoma over a period of 72 h. To show a potential localization of nanoparticles in tumor-associated macrophages the glioma sections were stained for CD11b, which is a marker for TAMs. Only very few CD11b+ TAMs were found with intracellular localized nanoparticles in a field of view (×20) inside the tumor (data not shown). These data indicate that most nanoparticles are taken up by tumor cells and not by CD11b+ TAMs. Intriguingly, some uptake of the SPIONs was observed within the liver and spleen tissues at 48 and 72 h post-injection. Presumably, these nanoparticles reached these tissues via the blood circulation. The main limitation of the implemented non-orthotopic tumor mouse model is the elimination of the brain-blood barrier (BBB) that could hamper the delivery of theranostic agents to the glioma site in the brain. However, the applied dose of the intratumorally administered nanoparticles (ie, 0.34 µg/mm^3^) was too high for an orthotopic glioblastoma model. The large volume would result in intracranial hypertension with subsequent brain dislocation. To avoid these complications our modeling experiments were performed in GL261 tumors which were implanted into the flank of the mice.

The obtained data of the pharmacokinetics of the labeled nanoparticles are in line with previously published in vivo data on the biodistribution of locally injected nanoparticles of various formulations.[@CIT0059]--[@CIT0061] Xie et al reported the biodistribution of intratumorally infused copper-64 (^64^Cu) nanoshells labelled with radionuclide in the head and neck squamous cell carcinoma xenograft in nude mice.[@CIT0061] Employing positron emission tomography/computer tomography (PET/CT) imaging the authors demonstrated higher retention of ^64^Cu nanoshells for a period of 44 h post-injection inside the tumor with low concentrations in healthy tissues.[@CIT0061] In another study by Chi et al intratumorally injected ^131^I gelatin microspheres (^131^I-GMSs) remained in human hepatocellular carcinoma (HepG2) of nude Balb/c mice for a period of 32 days and resulted in a suppressed tumor growth and an increased overall survival.[@CIT0059] To increase the accuracy of the magnetic nanoparticle imaging novel, highly sensitive technologies, particularly magnetic particles imaging (MPI), are necessary for the detection of nanoparticles at very low concentrations (2 pg per cell).[@CIT0004]--[@CIT0006]

In line with the in vivo biodistribution studies, the developed mathematical model allowed us to predict the behavior of SPIONs after intratumoral and intravenous injection (cf. [Figure 2](#F0002){ref-type="fig"}). However, certain limitations should be kept in mind, when employing this model. Weights of all body parts were assumed to be equal for all mice. Particularly the tumor weight may differ vastly between different groups of animals and information about the tumor size is an important part of adjustments of parameters in the model. A suggestion for further studies would therefore be to estimate the parameters separately for each test subject and perform a statistical analysis on the comparability of the resulting parameters. Differences between measurement points in compartments with unsatisfactory fits can be explained by substantial noise or other uncertainties. Adding multiple parameters to the affected parameters to increase the quality of the fits may result in overfitting and incorrect conclusions. The parameters were estimated by comparing simulated observables with the means of the experimental data points, while employing an additional penalty constraint for observables outside the confidence intervals of the data. The initial values for each fit were chosen randomly around previously found values. Multistart sampling like this has been proven to be very effective for modeling complex biological systems.[@CIT0062] More advanced models that take specific biomechanical features of the compartments into account are planned, when more experimental data are available.

Long-term local deposition and low clearance of nanoparticles could be employed for the prolonged local anti-tumor therapies that could include hyperthermia treatment, chemo/radiotherapy or a combination of these therapeutic modalities. Indeed, several studies reported on improved tumor outcome after locally delivered nanoparticle-based agents.[@CIT0060],[@CIT0063]-[@CIT0067] Thus, in the recent study by Li et al intratumorally injected MnS\@Bi~2~S~3~-PEG nanoparticles in combination with hyperthermia treatment significantly boosted the efficacy of radiotherapy, indicating the synergistic anti-tumor effect.[@CIT0064]

The properties that are known to affect the biodistribution and clearance of nanoparticles include the size, chemical composition, surface charge and chemistry and shape.[@CIT0068] The main limitation of the current study is that for our mathematical modeling SPIONs with a diameter of ≈ 130 nm were used. Though the developed pharmacokinetic model could describe the behavior of nanoparticles of this size, the computed parameters are very likely to differ for other sizes of nanoparticles or mouse models. To test the impact of the size of the nanoparticles on the mathematical model ^99m^Tc-ferucarbotran-labeled nanoparticles with a diameter of approximately 60 nm were used for i.v. administration. As expected, the analysis of these data sets showed that even though the mathematical model is applicable also for intravenous injection, the parameters differed strongly for ^99m^Tc-ferucarbotran nanoparticles with a size of 60 nm after i.v. injection into C57BL/6 mice. Due to the smaller size, these nanoparticles are taken up and metabolized through different pathways compared to larger nanoparticles. To investigate if these changes are due to differences in SPION characteristics or mouse models, further studies are necessary. Although the assumptions allow the application of the model for other iron oxide nanoparticles, the process of parameter estimation should be repeated in studies involving nanoparticles with different biochemical and biophysical properties.

The analysis of the data from intravenously administered SPIONs showed that at least without targeting the number of particles reaching the tumor is surely below the desired amount. The model predicts that immediately after injection the dose inside the tumor peaks at around 0.07% of the initially injected dose. After that most of the nanoparticles are transported to liver and spleen. In comparison, after intratumoral injection around 80% of the initial dose stays inside the tumor for more than two days. To raise the peak after i.v. injection to the same scale, the overall injected dose would have to be increased by at least a three-digit factor. Such a concentration would be toxic for other organs like liver and spleen, which would suffer from an increased uptake by the same factor, and is therefore not possible. To overcome this problem one could employ functionalized targeting nanoparticles with an improved accumulation inside the tumor. Previously, several studies reported the enhanced accumulation of functionalized tumor-targeted nanoparticles as compared to non-coated particles.[@CIT0016],[@CIT0069],[@CIT0070] The effect of tumor targeting on biodistribution both biologically and mathematically will hence be the next important step in further studies, since ways to make intravenous injections viable may be a crucial part of making nanoparticle-based agents viable for clinical application.

In conclusion, the developed pharmacokinetic model is applicable for biodistribution studies on iron oxide nanoparticles. As Henrique Silva et al already indicated, pharmacokinetic models provide a valuable tool in understanding the biodistribution of SPIONs.[@CIT0053] In this case, the common structure of PBPK models was reduced to only predominant pathways to predict meaningful results for the available experimental data sets. This enables applications of the model to in vivo studies on SPIONs for further experimental investigations, where collecting large amounts of time dependent data is usually difficult. Yet it is important to regard the potentially large effects of changes in nanoparticle properties on biological behavior, which are likely to result in specific kinetic transfer parameters for each type of nanoparticle. Further experimental investigations of SPIONs in mice and humans can provide additional pharmacokinetic data and may provide insights into biochemical and physiological processes of nanoparticles in organs and tumors, possibly even on a cellular level. This can further improve the model structure and the transfer coefficients. The pharmacokinetic model developed in this study can be further modified by employing available experimental data and adapted to describe the kinetic processes of other therapeutic nanoparticles, such as gold nanoparticles in in vivo xenograft model.
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